Drifting buoy sea-surface temperature (SST) records have been used to characterize the diurnal variability of ocean temperature at a depth of order 20 cm. We use measurements covering the period 1986-2012 from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) version 2.5, which is a collection of marine surface observations that includes individual SST records from drifting buoys. Appropriately transformed, this dataset is well suited for estimation of the diurnal cycle, since many drifting buoys have high temporal coverage (many reports per day), and are globally distributed. For each drifter for each day, we compute the local-time daily SST variation relative to the local-time daily mean SST. Climatological estimates of subdaily SST variability are found by averaging across various strata of the data: in 10°latitudinal bands as well as globally; and stratified with respect to season, wind speed and cloud cover. A parameterization of the diurnal variability is fitted as a function of the variables used to stratify the data, and the coefficients for this fit are also provided with the data. Results are consistent with expectations based on the previous work: the diurnal temperature cycle peaks in early afternoon (circa 2 pm local time); there is an increase in amplitude and a decrease in seasonality towards the equator. Generally, the ocean at this depth cools on windy days and warms on calm days, so that a component of subdaily variability is the SST tendency on slower timescales. By not 'closing' the diurnal cycle when stratified by environmental conditions, this dataset differs from previously published diurnal-cycle parameterizations. This thorough characterization of the SST diurnal cycle will assist in interpreting SST observations made at different local times of day for climatological purposes, and in testing and constraining models of the diurnal-cycle and air-sea interaction at high temporal resolution. 
Data production methods
Diurnal variations in sea-surface temperature (SST) influence air-sea interaction and mean climate.
Unaccounted for, diurnal variations may cause artefacts in climate data records of SST, which is the immediate motivation of the work presented in this paper. Our aim is to characterize diurnal SST variability at depths characteristic of many in situ SST observations (drifting buoys, and traditional bucket observations from ships).
To this end, drifting buoy data, from the ICOADS release 2.5 are used. The individual record of each buoy includes the buoy identification number, the date and time in universal time coordinates (UTC), the location, given in degree latitude and longitude, rounded to the second decimal place and the measured SST rounded to the first decimal place. The records cover the period 1986-2012. In addition to the sea-surface temperature SST records, 6-h fields of 10 m wind speed and total cloud cover from the ECMWF reanalysis (ERA) Interim are used (Dee et al., 2011) . ERA Interim has a spatial resolution of 1.5°.
Analysis
The analysis of the daily diurnal cycle for each drifting buoy is performed individually following the procedure described below.
The time is converted from UTC to mean local solar time, then the observations are binned into hourly bins. Hourly anomalies are computed by subtracting the local-time daily mean SST from each SST value. The computation of anomalies relative to a daily mean for each individual buoy is assumed to remove effects of drifting buoy calibration errors, which are typically of order 0. 15-0.19 K (Lean and Saunders, 2013) and often change progressively during a drifting buoy's lifetime. In order to ensure a valid daily mean for computing anomalies, only records with at least one observation within each quarter of the day (0000-0006, 0006-0012 h, etc) are retained.
The retained records are then aggregated in various bins. Annual and seasonal (DJF, MAM, JJA, SON) values of the diurnal SST cycle are determined by computing the median over all retained records in each hourly bin through the day. The data are also variously subdivided by latitude, cloud cover and wind speed, as explained further below. The median is used since it is less biased by occasional outliers, which makes minimal difference in most cases, but is more robust for some sparsely populated bins. Some outliers arise because of extreme (>5 K) diurnal-cycle events (Merchant et al., 2008) . Extreme individual events are not the focus of this climatological study. Our concern is to characterize diurnal cycles climatologically, for use with relatively limited contextual information.
If a median bin value is used as an estimate of the diurnal cycle, there is a statistical uncertainty in this estimate arising from variability of the diurnal cycle with factors not accounted for by the binning. This uncertainty is estimated by the median absolute deviation from the median (MADM) scaled to give a robust standard deviation estimate (e.g. Rousseeuw and Croux, 1993) :
Another quantity of interest is standard uncertainty in the bin median, U bin (measuring how well the average diurnal cycle is estimated for a given hour). This is dependent on the variability and on the sample size, n, and is estimated, by analogy to 'standard error in the mean', by:
Here, n is the number of distinct bin records contributing to the bin median.
The diurnal SST cycle is computed both globally and in 10°latitudinal bands. We also explore the influence of varying wind speed and cloud cover conditions on the diurnal SST variations by further subdividing the data. We choose four wind speed (Table 1 ) and 12 combined wind speed and cloud cover categories (Table 2) .
For the analysis stratified by wind speed or both wind speed and cloud cover conditions, match-ups of the ERA Interim fields (Dee et al., 2011) with the buoy SST observation are determined. To begin with the ERA Interim grid cell nearest to each buoy observation and the two 6-hourly records, closest to noon local time, are selected from the reanalysis output. Then, a linear interpolation is performed to estimate the wind speed/total cloud cover at local midday. The noon values of wind speed/total cloud cover are paired with the drifter SST data. The computation of the diurnal SST cycle is repeated, stratifying the data based on wind speed only or wind speed and total cloud cover together. Use of noon conditions for the stratification by environmental conditions is motivated by: simplicity; the period around this time (0010-0014 h) being highly influential on the amplitude of diurnal cycle obtained (Gentemann et al., 2003) ; and the common availability of local noon weather reports for historic ship observations of SST .
Results
The results without stratification by wind speed or cloud cover show an increase in the amplitude of diurnal variations of SSTs towards the equator and a decrease in the differences between seasons (Figure 1 ). Figure 1 also shows that the diurnal variation 'closes' in the annual average at midlatitudes, whereas, for example, on a typical day between March and May, the sea at 20 cm is 0.1 K warmer at the end of the day than at the start. The asymmetry of the diurnal cycle curves of the intermediate seasons (spring, MAM, and autumn, SON), reflects the warming tendency of the ocean during spring (green markers in Figure 1 ) and the onset of cooling after the August SST maximum (orange markers in Figure 1 ). Note also in the lower panel of Figure 1 that the larger magnitude of the diurnal cycle in summer also corresponds to higher variability in the diurnal cycle around the average case (thin uncertainty bars). This reflects greater diurnal stratification and variability in that stratification wind speed, including occasional extreme warming events, when daytime solar heating of the surface is more intense. The uncertainty in the bin median is generally smaller than the dot sizes on the plot (which is also reflected in the smooth variation in the data through the day).
The results of the wind-stratified analysis, as shown in Figure 2 for the global diurnal SST cycle, feature a decrease in magnitude of the diurnal SST variations with increasing wind speed. The global mean diurnal cycle shows little seasonal change.
Figure 2 also shows that the variability around the median diurnal SST cycle is roughly proportional to the cycle's magnitude. Again, the uncertainty in the bin median is small.
We note in passing that Figure 2 further highlights the close agreement between the daily mean in the diurnal SST cycle, which is defined to be equal to zero, and the arithmetic mean of the anomalies at 10.30 am and 10.30 pm (see value in top right corner). This justifies the strategy for standardizing satellite overpass times to 10.30 am/10.30 pm used by Merchant et al. (2012) , when developing decadal time series of SST for climate applications by remote sensing.
The outcome of the combined wind speed and cloud cover analysis of the diurnal SST variability, demonstrated by the example of latitudinal bands 40°S-30°S (Figure 3 ) and 30°N-40°N (Figure 4) , shows a decrease in magnitude of diurnal cycle with increase in wind speed ( Figure 3 and 4, left to right) as well as with cloud cover (Fig. 3, top to bottom) . Wind speed conditions exert a larger influence over their range of variability on the diurnal cycle amplitude than do cloud cover conditions. A warming/cooling trend can be seen on calm/windy days. A comparison of the two displayed bands (Figure 3 and 4) shows a larger diurnal cycle amplitude for given wind and cloud conditions in the Northern Hemisphere than in the Southern Hemisphere for equivalent latitudinal bands. We speculate that may arise because there is more surface mixing from longrange wave propagation in the Southern Hemisphere, where there is less land and distances to coasts are greater. This is an aspect of diurnal variability that is not captured if a diurnal cycle model is driven only by solar insolation (represented here via cloud cover) and wind speed. The estimates of robust standard deviation (variability of the diurnal cycle) and robust standard uncertainty (uncertainty in the average cycle) are included in the dataset.
Fitting the diurnal SST cycle data
The dataset includes tabulations of the diurnal cycle of the SST. We have also parameterized the data. This allows computation of the SST diurnal anomaly as a smoothly varying function of time of day, wind speed and total cloud cover. The fitting is done by ordinary least squares minimization.
Previous works by Lindfors et al. (2011) and Kennedy et al. (2007) use a second-order Fourier series, to fit the diurnal SST cycle as a function of time. This approach, however, does not take into account the influence of varying wind speed and cloud cover conditions on the diurnal SST anomalies.
We fit the average diurnal SST anomalies using a polynomial function, a function of time, wind speed and cloud cover, with an additional linear trend. The trend was added to account for the observed warming/cooling tendency across the day during mid-and high-latitude seasons.
The fitted equation is:
CsinðwtÞ þ a 8 Â cosðwtÞ þ a 9 CcosðwtÞ þ a 10 sinð2wtÞ þ a 11 Csinð2wtÞ þ a 12 cosð2wtÞ þ a 13 Ccosð2wtÞÞ Â expðÀ u u avg Þ; ð1Þ where a 0 . . . a 13 are the fitting coefficients. u and C are the noon wind speed and total cloud cover values. u avg is the average wind speed over all categories for a given latitudinal band and season.
The fitting process results in one set of fitting coefficients (a 0 . . .a 13 ) for each latitudinal band and season. The form of Equation (1) draws on Gentemann et al. (2003) and Filipiak et al. (2012) .
For a review of alternative parameterizations, refer to Kawai and Wada (2007) , which also surveys the physics and modelling diurnal stratification. Alternative empirical formulations include those of Clayson and Curry (1996) and Li et al. (2001) , both of which build on work by Webster et al. (1996) . Stuart-Menteth et al. (2003) , meanwhile, built on the formula for diurnal warming proposed by Kawai and Kawamura (2003) . By construction, the data and fit presented here have zero mean across the day. To estimate the cycle relative to 'foundation SST' (https://www.ghrsst.org/scienceand-applications/sst-definitions/), find the value of the minimum of the curve in the vicinity of 06 h and subtract this value from the values throughout the day. 
Fit evaluation
The fit as shown on the example of the latitudinal bands 40°S-30°S/30°N-40°N in Figures 5 and 6 shows a good agreement with the observed data, with a standard deviation of the residuals ranging from 0.003K to 0.018K. We estimate the overall fitting uncertainty U fit by solving the following equation across bin-median-minus-fit residuals of all bins, d bin , for a constant U fit : 
The determined fitting uncertainty is 0.0165 K, which is small, but not negligible compared to the statistical uncertainties, U bin .
By applying fitting all wind and cloud cover bins, simultaneously, we achieve a smooth fit even in case conditions where hourly anomalies are highly uncertain because of relatively few contributing data.
The form of the Equation (1), however, permits some unphysical behaviour: sometimes the fitted curve has a positive (warming) time derivative at the beginning or close of the local day. This effect is not consistent with the observations or typical physical conditions, and is an artefact of the polynomial fitting function. However, in comparison with the amplitude of the diurnal SST anomalies, overall, the unphysical temporal evolution in temperature is small.
Dataset location and format
The datasets of stratified drifting buoy data and of parameters for the diurnal cycle fits are provided in NetCDF format in a single file. This file provides the observed average diurnal SST anomalies, the fitted diurnal SST anomalies, the colocated values of the wind and cloud cover fields used for computing the fitting coefficients as well as the two measures of statistical uncertainty in the observed diurnal SST anomalies.
These empirical fields have four dimensions: latitude band, wind-speed-and-cloud-cover category (Table 2) , season and local hour of day.
The fitting parameter field has three dimensions: latitude band, season and the index of the coefficients corresponding to Equation (1 (0)+a(1)*u+a(2)*C+a(3)*t+a(4)*t*u+a(5)*t* C+a(6)*sin(omega*t)*exp(Àu/avg(u)) +a(7)*C*sin(omega*t)*exp(Àu/avg(u)) +a(8)*cos(omega*t)*exp(Àu/avg(u)) +a(9)*C*cos(omega*t)*exp(Àu/avg(u)) +a(10)*sin(2*omega*t)*exp(Àu/avg(u)) +a(11)*C*sin(2*omega*t)*exp(Àu/avg(u)) +a(12)*cos(2*omega*t)*exp(Àu/avg(u)) +a(13)*C*cos(2*omega*t)*exp (Àu/avg(u) 
Dataset use and reuse
This dataset will help comparing SST values taken at different local times or to estimate the diurnal variability for climatological purposes. It will also serve to constrain or test models of diurnal cycle computation and air-sea interaction at high temporal resolution. It is distributed under a Creative Commons by attribution license, and any published use should refer to this paper.
